est crustal levels (Lelukuau terrane and Lac Espadon Published metamorphic ages in the MIZ were determined Suite of the Tshenukutish terrane; Fig. 1c ; Indares, from meta-igneous rocks from all the structural levels, 1997; Cox & Indares, 1999a) . Mineral assemblages in except for the top of the Boundary zone, and are conmetagabbro from middle-crustal levels (Baie du Nord sistent with the culmination of the high-P-T metasegment of the Tshenukutish terrane; Fig. 1c ) are variably morphism at >1050-1040 Ma (U/Pb on zircon; Cox et retrogressed and record P-T conditions in the range Indares et al., 1998) . In this section, we present 1200-1400 MPa and >800°C (Cox & Indares, 1999b) . new U-Pb data on accessory minerals from the metaHigh-P-T metamorphism in the MIZ is attributed to pelites of the Tshenukutish terrane, to further constrain tectonic burial during a Grenvillian crustal shortening the Grenvillian thermal history and explore the possibility episode, followed shortly after by a thermal perturbation of additional earlier metamorphic events. related to emplacement of within-plate gabbro at >1·04
Leucosome-rich samples of 10-20 kg from each locaGa (Indares et al., 1998) . A last stage of Grenvillian tion were processed using standard procedures at Memagmatic activity is expressed by granite intrusions at the morial University. The U and Pb isotopic ratios were highest levels of the MIZ (Boundary zone; Tshenukutish measured by thermal ionization mass spectrometry terrane, Fig. 1c ) at >1·017 Ga (Indares et al., 1998) . (TIMS) using a Finnigan MAT 262 mass spectrometer Exhumation of the MIZ is consistent with extrusion from equipped with an ion-counting secondary electron multhe lower levels of the thickened crust, controlled by tiplier [for details, see Dubé et al. (1996) ]. All samples thermal weakening during the high-T metamorphic event contained monazite and samples from BNS2, BZ1 and and by the presence of a crustal-scale ramp (Archaean BZ2 also contained rutile (Table 1) . For each sample, basement in the underlying Gagnon terrane) over which two monazite and rutile fractions were selected under tectonic transport was preferentially channelled (Indares the microscope according to criteria of mineral moret al., 2000) . phology and clarity. Grains with alteration, fluid or solid inclusions were avoided. Monazite fractions were all
Setting and general characteristics of the composed of large (100-200 m) clear yellow grains and metapelites all were abraded (see Krogh, 1982) to remove outer surfaces, which may have undergone some alteration or Metapelites were recognized in two distinct structural levels of the Tshenukutish terrane ( Fig. 1c) : in the SW leaching by grain boundary fluids (Table 1 and Fig. 2 ). All fractions gave duplicated concordant results (Table  The reported monazite ages overlap with the meta-1 and Fig. 2 ), demonstrating the high quality of these morphic age range obtained by zircons from the mafic grains. Ages for monazite reported from the Baie du rocks of the MIZ (1050 -1020 Indares et al. 1998) Nord segment are 1040 ± 2 Ma for BNS1 and 1033 ± and they provide no evidence for potentially earlier 2 Ma for BNS2 and BNS3. They are based on assessment metamorphic events in the area. In the Baie du Nord of all the ages for both fractions in each case, as they all segment, monazite ages between 1040 and 1033 Ma collectively overlap within combined uncertainties. The overlap with zircon metamorphic ages from metagabbros age of the sample from BZ1 of the Boundary zone (1017 ( (1046 ( -1030 , indicating fast cooling ± 2 Ma) is based on the 207 Pb/ 206 Pb age of the older following peak T conditions. In the Boundary zone, concordant fraction, as the lower analysis, M1, might monazite ages are several million years younger have undergone minor Pb loss (Fig. 2) . Finally, the two (1019-1017 Ma) than in the Baie du Nord segment. monazite fractions from sample BZ2 yield an age of 1019 Owing to the lack of metamorphic zircon data in this area, ± 2 Ma (Table 1 and Fig. 2 ). Large rutile fractions were the interpretation of these ages is less straightforward; they prepared of clearest crack-free dark red prisms and two may indicate either younging of the metamorphic peak fractions of each were analysed. The age of rutile from towards the top of the structural pile, or delayed cooling. BNS2 (929 ± 2 Ma) is based on the duplicated 206 Pb/ The Hart Jaune granite that encloses the supracrustal 238 U age, as the other ages have higher uncertainties as rafts in location BZ1 has a crystallization age of 1017 ± a result of the significant correction for common lead in 2 Ma, the same as the monazite age in this location, these grains. Rutile ages from the Boundary zone (934 suggesting high heat flow at the time of closure of ± 4 Ma for BZ1 and 930 ± 3 Ma for BZ2) are based monazite in the southern Boundary zone. Rutile ages at on the duplicated 207 Pb/ 206 Pb ages in these fractions, 929-934 Ma are typical for the entire Manicouagan Imbricate zone and indicate that during which have significantly less common lead. 931 * Corrected for fractionation, spike, laboratory blank of 2-10 pg of common lead and initial common lead at the age of the sample calculated from the model of Stacey & Kramers (1975) and 1 pg U blank. Two-sigma uncertainties are calculated with an unpublished error propagation program, and are reported after the ratios and refer to the final digits. M, monazite; R, rutile; abr, abraded; clr, clear; dk, dark; frgs, fragments; lrg, large; lt, light; med, medium; prsm, prismatic; yel, yellow. late stages of cooling (i.e. below the closure temperature for the next reaction, Bt + Grt ± Pl + Qtz = Opx + Ky + Kfs + L (RI), which is univariant (Carrington of rutile) the whole zone was behaving as a coherent & Harley, 1995; Fig. 3a) . Addition of albite (NaKFMASH unit.
system) lowers the temperature of all reactions by >50°C (Fig. 3a) owing to preferential incorporation of Na in the melt (Thompson & Tracy, 1979) . In contrast, addition
HIGH-P-T PARTIAL MELTING OF
of anorthite (CaNaKFMASH) increases the variance and shifts all reactions to higher temperatures relative to
METAPELITES: THEORETICAL
the NaKFMASH system. Because common high-grade BACKGROUND pelitic rocks have An-poor plagioclase (up to An 25 ), partial P-T framework of partial melting reactions melting reactions can be adequately represented in the for Ky-bearing pelitic rocks NaKFMASH system (Fig. 3a) . Reaction (R2) has a The general characteristics of the metapelites from the steeper P-T slope relative to (R1); at high pressures the Tshenukutish terrane are consistent with anatexis by two reactions intersect with the field of (R2) ending at dehydration melting of micas in the stability field of (R1) and the continuous Bt + Ky ± Pl + Qtz = Grt kyanite. Extrapolation of experimental data in the kyanite + Ms reaction controlling phase equilibria on the low-P-T field (Le Breton & Thompson, 1988 ; Vielzeuf & T side of (R1) (Spear et al., 1999; Fig. 3a) . Holloway, 1988) shows that with rising temperature and This P-T framework does not take into account Fe-Mg under fluid-absent conditions (expected to prevail in the substitutions in white mica. However, with increasing lower crust), metapelites undergo dehydration melting pressure white mica becomes increasingly phengitic. The first of muscovite [reaction (R1): Ms ± Pl + Qtz = dehydration melting of phengite may be represented by Kfs + Ky + L] and then of biotite [reaction (R2): Bt the reaction (R1a): Phe ± Pl + Qtz = Ky + Kfs + + Ky ± Pl + Qtz = Grt + Kfs + L]. In the Bt + L, which differs from (R1) in that it also produces KFMASH system (R1) is univariant whereas (R2) defines biotite (Thompson, 1982; Vielzeuf & Holloway, 1988) , a divariant P-T field whose width depends on the X Mg and is divariant in the NaKFMASH system. Reaction of the rock. For common pelites with X Mg = 0·40-0·45, (R1a) is considered to cover a narrow T interval, slightly on the high-T side of (R1). Nevertheless, its divariant biotite is eliminated by (R2) at T conditions below those VOLUME 42 NUMBER 8 AUGUST 2001 character has implications on phase relationships at high reaction (R4). This reversal in the melting order of micas has been discussed by Le Breton & Thompson (1988) pressures. The intersection of two divariant reactions in any system defines a univariant reaction whose length and Vielzeuf & Holloway (1988) , and reactions (R1a), (R2), (R3) and (R4) have been portrayed in the KFASH depends upon the bulk composition (see Hensen, 1971; Powell & Downes, 1990; Carrington & Harley, 1995) . system by Thompson (1982) as a set of univariant reactions. Reaction (RII) is for the first time defined here. In the NaKFMASH system with Grt-PheQtz-Pl-Bt-Ky-Kfs-L as possible phases, the inter-The location of reactions (RII), (R3) and (R4) may be constrained by high-P partial melting experiments section of (R1a) and (R2) in P-T space defines the reaction Grt + Phe + Pl + Qtz = Bt + Ky + Kfs + L (RII), involving phengite that are at present lacking, therefore the phase diagram of Fig. 3b is purely qualitative. We which involves all the phases, with Phe and Grt on the other side of (R1a) and (R2) because Grt is absent from note that the importance of these reactions for natural rocks depends on the amount of Fe-Mg substitution in (R1a) and Phe is absent from (R2) (Fig. 3b) . Following the phase rule, we can also write six additional divariant phengite; if this amount is low only minor garnet and biotite would be involved in (R1a), (R3) and (RII), and reactions originating at (RII), each one corresponding to a missing phase and whose relative locations can be the dominant white-mica-out reaction would essentially be (R1). Nevertheless, the P-T grid involving phengite established by using Schreinemaker's criteria. Among them, the Bt + Phe + Pl + Qtz = Grt + Kfs + L (Fig. 3b) is theoretically valid and together with the grid involving muscovite (Fig. 3a) , provides the basis for [(R3); Ky absent] and the Phe + Pl + Qtz = Grt + Ky + Kfs + L [(R4); Bt absent] reactions correspond interpreting textures related to partial melting in high-P metapelites. However, complications are likely to arise to the high-P equivalents of (R1a) and (R2). According to this phase diagram, at high pressures phengite and by retrograde growth of micas as a result of fluid release during crystallization of the melt and by loss of original biotite would melt concurrently by reaction (R3), with any remaining white mica melting subsequently by melting-related textures by recrystallization. interstitial laths (BNS2). Small rounded grains (>50 m
Garnet zoning
in diameter) of monazite and xenotime are included in Partial melting also affects the composition of solid sothe Bt ± Pl aggregates and larger monazite occurs in lutions such as garnet and plagioclase. Incorporation of the Kfs-Pl-Qtz matrix. Na in the melt leads to enrichment of the residual
The composition of plagioclase depends upon the plagioclase in Ca, provided it can react. Consequently, textural context. In the coarse-grained areas, large plagioas Grs and An are related by the GASP reaction, the clase away from garnet is the most calcic (cores, An 30 ; onset of melting will result in a step increase of the Grs rims, An 21 ; BNS1), whereas adjacent to garnet it is content of garnet (Spear & Kohn, 1996) , notably at high homogeneous (An 22-24 in BNS1; An 12-15 in BNS2). Plagiopressures. Although growth zoning of garnet in terms of clase in the matrix is Ab rich (An 05-10 ), and in the Bt ± Fe, Mg and Mn is commonly altered by diffusion at high Pl aggregates it displays a marked increase in An towards temperatures, Ca zoning has the potential to be preserved, garnet, to An 20-24 (BNS1) and An 18 (BNS2). The perthitic owing to its slower diffusion rates. Additional constraints K-feldspar has a bulk composition of >Ab 15 An 2 Or 82 . In may be placed by examining the zoning pattern of trace samples from BNS1 X Fe of biotite overgrowing garnet elements in garnet, in conjunction with the type of increases from 0·24 to 0·32-0·35 away from garnet, accessory phases present in its immediate environment, and TiO 2 is in the range of 2-4%. Matrix biotite has because they diffuse at slow rates. In particular, it has intermediate X Fe (0·28-0·30) and higher TiO 2 (3·5-5%) been suggested that zoning of elements such as Y, P and than in the reaction zones. In contrast, biotite in samples Cr may provide additional means of identifying garnet from BNS2 is chemically homogeneous with X Fe = that grew during partial melting (Hiroi & Ellis, 1994;  0·34-0·38 and TiO 2 = 3·5-5%. Spear & Kohn, 1996; Pyle & Spear, 1999) and detecting episodes of garnet consumption (Pyle & Spear, 1998 .
Garnet composition and zoning
In the following sections we attempt to identify partial In samples from both locations garnet is Prp rich. It melting reactions in the metapelites from the Tshenu-has chemically homogeneous cores (BNS1, Alm 46-48 kutish terrane based upon sample-scale textural re-Prp 42-44 Grs 9 Sps 1 ; BNS2, Alm 52-55 Prp 39-41 Grs 6-7 Sps 1 ) lationships. Potential links between garnet zoning and whereas rims adjacent to the Ab-Kfs-Qtz matrix are partial melting are investigated by means of X-ray maps zoned (Figs 5a and 6a). In these rims, Grs increases up and zoning profiles of major elements, Y, P and Cr to 12% (smoothly in BNS1 and sharply in BNS2) and (see the Appendix for analytical techniques). The P-T then decreases to 5-8%. This decrease is sharpest in the evolution is tentatively constrained by phase diagrams outer 100-150 m next to Bt ± Pl aggregates, where it and, where applicable, thermobarometry.
is accompanied by an abrupt decrease in Prp and an increase in Alm. In addition, the outer 200 m of the least overgrown garnets in samples from BNS2 are characterized by a concentric trough in the Prp profile ( 
Textures and compositions of feldspars and biotite
based on trace element zoning. The core domain, The selected samples have typical pelite composition bounded by the ring of maximum Grs content, is char- (Table 2 ) with X Mg = 0·52 (BNS1) to X Mg = 0·47 (BNS2), acterized by a strong bell-shaped decrease in Y (from and are texturally heterogeneous. They comprise coarse-2500 to 250 ppm), a smooth increase in P (to 300 ppm) grained areas of variably recrystallized quartz ribbons and flat Cr (Figs 5a and 6a). In contrast, the Grs-enriched with subordinate plagioclase, and pods with garnet, ky-rims display only a slight decrease in Y, increasing Cr anite and perthitic K-feldspar porphyroblasts in a finer-(to 120 ppm) and a sharp decrease in P restricted to the grained Kfs-Pl-Qtz matrix (Fig. 4a) . Accessory phases outer >200 m. These trends suggest a strong correlation are graphite, monazite and xenotime. Garnet is up to between Ca and Y and Cr zoning, as also reported by 4 mm in diameter, and contains inclusions of quartz. Its Spear & Kohn (1996) . contacts with the Kfs-Pl-Qtz matrix are commonly overgrown by Bt ± Pl aggregates. Kyanite is separated Interpretation from the coarse-grained areas by a rim of K-feldspar ( Fig. 4b ) and in the Kfs-Pl-Qtz matrix it is locally Textural heterogeneity of samples from BNS1 and BNS2
is probably a result of partial melting, with the Qtz rimmed by garnet in turn overgrown by biotite. Biotite also occurs throughout the matrix (BNS1), or as rare Ca-Pl areas and the Kfs-Ab-Qtz pods representing solid VOLUME 42 NUMBER 8 AUGUST 2001 
leftover and melt domains, respectively. The presence of Operation of reaction (R2) implies that garnet, at least in part, was produced together with melt. Homogeneous kyanite in the pods is consistent with dehydration melting of white mica [reaction (R1) or (R1a)]. Within the coarse-garnet cores surrounded by Grs-enriched rims are consistent with growth in at least two stages, first by subsolidus grained domains, the presence of K-feldspar rims separating kyanite and quartz is consistent with subsequent reactions and second by (R2) (see also Spear & Kohn, 1996; Kohn et al., 1997) . We note that rims adjacent to action of (R2) in which kyanite, quartz, and biotite are reactants. These rims together with the large perthitic the coarse grain domains are lacking Grs enrichment (Fig. 6a ), indicating that growth by (R2) was irregular grains floating on the matrix suggest that (R2) produced a notable amount of peritectic K-feldspar. The rimward and mainly occurred next to melt pods. The smooth Grs decrease in most of the rim segments outwards from the decrease of An in plagioclase from the restitic Qtz-rich areas may be linked with Grs production during garnet Grs peak is consistent with isothermal garnet growth during (R2), as the Grs isopleths have a positive slope in growth. In contrast, low and uniform An content in plagioclase grains from the pods is consistent with crys-P-T space (Spear et al., 1999) . However, the steeper decrease in the outer few tens of micrometres, together tallization from melt. Finally, in both locations, the Bt ± Pl aggregates are interpreted to have formed at the with the retrograde Fe-Mg zoning, is probably related to garnet resorption by reaction (R2) in reverse sense. expense of garnet during melt crystallization [reaction (R2) in the opposite sense]. This is consistent with An An anomalous feature of some garnets from BNS2 is the concentric Prp trough (Fig. 6a) . A similar trend is reported increase in plagioclase rims touching garnet in these textural domains.
by Gardien & Thompson (1995) from garnet experimentally produced at temperatures above the deRetrograde biotite produced by net transfer reactions is characterized by higher X Fe than peak biotite (if any hydration melting of biotite, suggesting a possible link with the elimination of biotite from the reservoir. An of it remains), although it can subsequently shift to lower values, especially in the vicinity of garnet, by continuing attractive but speculative explanation for this feature involves: (1) equilibrium (and further growth?) of the Fe-Mg exchange between the two phases at late stages of cooling (Spear & Florence, 1992; Kohn et al., 1997) . outer rims of garnet in the presence of an Fe-rich opaque, following elimination of biotite, leading to a drop in Prp; Therefore, the observed trend in biotite composition from sample BNS1 (i.e. high X Fe in biotite away from (2) subsequent increase of Prp at the rims as a result of Fe-Mg exchange between biotite and garnet upon garnet in the reaction zones and intermediate values in biotite from the matrix) may be a relict of an original retrograde development of the former. In this case, the Prp trough observed would be the net result of diffusional contrast between peak biotite in the matrix that survived melting, and retrograde biotite that formed during melt adjustments of the rim.
The reaction history of garnet can be investigated crystallization. Nevertheless, owing to fast diffusion in biotite, the chances that matrix biotite retained its peak further by the zoning trends of Y, Cr and P (Fig. 6b) .
The Y pattern is typical of subsolidus garnet that started composition are rather slim (see also Spear & Parrish, 1996) . growing in the presence of an Y-saturating phase (e.g. xenotime; Pyle & Spear, 1999 . In samples from segment is consistent with garnet growing at the expense of biotite, i.e. by (R2) (Spear & Kohn, 1996) . The overall BNS1 and BNS2, no xenotime was found as inclusions in garnet, but its presence in the retrograde biotite P pattern seems to be insensitive to the changes in the garnet-forming reactions because it does not show any overgrowing garnet attests to a high Y concentration in the garnet domains. We also note that the change in the discontinuity at the boundary of the Ca-enriched zones.
As for the sharp decrease of P in the outer rims of these gradient of Y decrease in the Ca-enriched rims coincides with a drastic change in the Grt-forming reaction, from zones, it may be linked to formation of monazite in the sites of garnet consumption. a subsolidus reaction to (R2). Increasing Cr at the rim 
Textures, and compositions of feldspars and biotite
clusions surrounded by two clear zones (middle and rim Selected samples from this location contain a Qtz-Kfs-Pl-domains) separated by a narrow ring of coarse kyanite, bearing matrix with garnet (6-9 mm in diameter), kyanite quartz and apatite inclusions. Garnet II has a wide core and K-feldspar porphyroblasts, and minor biotite. Ac-domain with abundant inclusions, surrounded by a clear cessory phases are apatite and monazite. These samples rim of irregular width (Fig. 4d) . Inclusions are composed have a composition of typical pelite with X Mg = 0·40 of quartz, rutile, kyanite, apatite, and, rarely, monazite. (Table 2 ). Plagioclase is Ab rich (11) (12) (13) (14) (15) ) with highest In addition, coarse inclusions of quartz together with An contents in grains touching garnet. The K-feldspar intergrowths of fine-grained material, are widespread porphyroblasts are perthitic (with bulk composition (Fig. 4d) . The intergrowths consist of K-feldspar (and Ab 31-34 An 4 Or 62-66 ), with lamellae of the same composition locally albite) intermixed with chemically heterogeneous as matrix plagioclase. Biotite forms clusters invading material of average composition 33-40% Al 2 O 3 , 47-54% garnet or laths dispersed in the matrix, and is homo-SiO 2 (corresponding to a cationic ratio Al:Si >1), subgeneous with X Fe = 0·40-0·44, and TiO 2 = 4-5%. ordinate K 2 O (0·5-2%), Na 2 O (0-1·5%), MgO (>2%), Kyanite is locally separated from K-feldspar and garnet and FeO (0·5-1·5%) with analyses closing at 90%. This by a rim of quartz.
composition probably represents a mixture of phases dominated by kaolinite, as suggested by the Al and Si
Garnet: textures, composition and zoning
contents and the low totals. In addition, rims between Samples from location BNS3 display two textural types adjacent garnet grains are the locus of symplectitic pods of skeletal kyanite and quartz separated by fine of garnet, of similar size range. Garnet I comprises VOLUME 42 NUMBER 8 AUGUST 2001 intergrowths of the same material as in the garnet in-phases may be attributed to more extensive partial melting and/or subsequent recrystallization than in the preclusions (Fig. 4d) . In both cases, the presence of quartz, K-feldspar and, possibly, kaolinite suggests that they may vious locations. However, large garnets have the potential to preserve some record of the partial melting history. be melt pods trapped in garnet. These pods may have crystallized quartz and white mica in isolation from the In garnet I, the following features are particularly relevant.
(1) The relatively coarse-grained Qtz-Ky inmatrix, with white mica subsequently breaking down to kaolinite and K-feldspar owing to excess H 2 O that clusions bounding the rim from the middle domain attest to a break in the growth history of garnet. In this setting, remained trapped.
Garnet I exhibits spectacular zoning (Figs 5b and 6b) . the narrow concentric peak in P (and to a lesser extent The core and the middle domains are characterized by in Cr and Y) immediately outside that boundary attests a sharp outward decrease in Grs (from 15 to 5%), to partial resorption before the growth of the rim domain. compensated by an increase in both Prp (from 22 to Release of these elements from the consumed garnet 31%), and Alm (from 58 to 64%), whereas X Fe decreases would lead to a local increase in their concentration in slightly (from 0·71 to 0·68). In the rim domain, Grs first the immediate matrix. If they are not redistributed among increases to 8% and finally drops to 3%, Prp drops to matrix phases, they would subsequently reincorporate in 24%, and Alm increases to 74% concurrently with in-garnet upon renewed growth, creating spikes (Pyle & crease in X Fe (to 0·75). Sps displays a smooth but per- Spear, 1998 Spear, , 1999 . (2) Grs increase in the rim domain ceptible outward decrease (from 3 to 1%). This, together reflects a renewed increase in the availability of Ca, with Grs zoning at least out to the second Ca peak, as expected from the continuing dissolution of the Ab and the compensatory Alm and Prp patterns, provides component of plagioclase in melt while garnet had evidence for preservation of growth zoning although stopped growing. These features imply at least two epiundoubtedly modified by diffusion. In contrast, the outer sodes of garnet growth (first of the core and middle rim zoning is typical of diffusion-controlled retrograde domains and second of the rim domain) separated by an zoning. The cores of garnet II (Figs 5c and 6c) are event of garnet consumption. Enrichment in Grs and chemically homogeneous with Alm 62 Prp 29 Grs 7-9 Sps 1 increasing Cr are consistent with growth of the rim whereas in the outer 1000 m Grs drops to 3%, and domain by reaction (R2), whose operation is also implied Alm increases to 70%. We note that the composition of by the overall mineral assemblage. In this context, a the cores of garnet II is similar to that of the inner part reaction operating before (R2) has to be envisaged to of the rim domains of garnet I. Chemical trends at the account for the evidence of garnet consumption discussed outermost rims are consistent with retrograde resetting. above. During prograde metamorphism, and in a P-T In the core and middle domains of garnet I Y decreases framework of reactions involving muscovite (Fig. 3a ) outwards (from >720 to 250 ppm) in two steps (Fig. 6) . garnet is expected to grow by the continuous reaction In the same domains, P decreases (from >200 to 100 Bt + Ky ± Pl + Qtz = Grt + Ms up to crossing ppm) whereas Cr increases slightly (Figs 5b and 6b) . In (R1), which does not involve garnet. Therefore, this contrast, the rim domain is characterized by flat Y, framework cannot explain the resorption texture in garincreasing Cr (to 200 ppm) and higher P (150-200 ppm) net. However, if we consider reactions involving phengite, than in the middle domain. The most striking feature, then garnet may be partially consumed by the dishowever, is a marked concentric peak in P (to 650 ppm), continuous reaction (RII) just before entering the P-T accompanied by much weaker humps in Cr and Y, just field of (R2) (Fig. 3b) , in accordance with the textures outside the boundary between the middle and the rim and zoning of the rim domain of garnet I. domains. Garnet II displays relatively constant Y (>250 In the core and middle domains, the sharp outward ppm), P (>150 ppm) and Cr (180 ppm) with the exception decrease of Grs from values as high as Grs 15 (Fig. 6c ) may of: (1) a decrease in Y (from >300 to 250 ppm) away attest to isothermal garnet growth at high-P conditions in from the monazite-bearing central region; (2) higher P the presence of An-rich plagioclase. As the samples are (>200 ppm) and a trough in Cr and Y in parts of the not particularly Ca rich (Table 2) , high An content in rim domain (Figs 5c and 6c) . These latter trends are plagioclase during early stages of garnet growth may be asymmetric and apparently unrelated to any specific the result of a melting reaction, such as reaction (R3). textural setting. We note that Y, P and Cr contents in This scenario, although consistent with high Cr contents garnet II are similar to those of the rim domain in garnet relative to samples from the other locations, is, however, I and that Cr contents in both garnet types are higher too speculative; the Y decrease in steps attests to a more than in garnets from BNS1 and -2 (Fig. 6) .
complex reaction history with no record preserved in the zoning of the other elements. In addition, the absence Interpretation of Y-bearing inclusions in garnet (xenotime or monazite) and in its immediate environment precludes any tentative The lack of recognizable restitic areas in samples from location BNS3 and chemical homogeneity of the matrix interpretation of the Y zoning. Finally, in contrast to the apatite-free samples from BNS1 and -2, P zoning in the core and clear rims (Fig. 4e) . Ilmenite was not found in core and middle domain of garnet I mimics the Ca the matrix, hence it is not considered as part of the peak zoning, suggesting that in the presence of apatite Ca in assemblage. Biotite and kyanite are evenly distributed garnet controls the P content. throughout the matrix. Apatite and monazite mainly In general, garnet II displays relatively homogeneous occur as inclusions in biotite. K-feldspar is mostly microcores of composition similar to the rim domain of garnet cline but some large crystals are perthitic. Plagioclase I. As the two types of garnet have similar sizes, the (An 19-25 Or 0-2 ) is homogeneous and adjacent to garnet is differences in their zoning patterns are probably due to most depleted in anorthite (19) (20) (21) ). Exsolution lamellae of different reaction histories. Indeed, the composition of plagioclase in K-feldspar have the same composition as garnet II, together with the lack of textural discontinuities, the matrix grains, and bulk composition of individual the presence of the same type of inclusions as in the ring K-feldspar grains falls in the range Ab 12-16 An 2-3 Or [82] [83] [84] [85] . between the middle and rim domains of garnet I, and Biotite is chemically homogeneous at the sample the lack of spikes on the trace element profiles suggest scale with X Fe = 0·57-0·61 and TiO 2 = 4·2-4·6%. that garnet II was produced by the same reaction as the Garnet is Alm rich in accordance with the high-Fe rims of garnet I, i.e. (R2). Growth of this garnet by bulk content of the samples (Table 1) . It is unzoned reaction (R2) is further supported by the presence of (Alm 75-78 Prp [16] [17] [18] Grs 5-7 Sps 1 ), with the exception of rims inclusions that may represent trapped melt (see above). adjacent to biotite (outer 250 m), where Alm increases Relatively high Y contents in some garnet cores are linked to 80% and Prp drops to 12%. The only detectable with the presence of monazite inclusions. P plateaux in zoning in trace elements is an outward increase in P some garnet rims in conjunction with the lack of apatite whereas Y and Cr contents appear to be uniform. The inclusions in the rim domains is consistent with dissolution Y content, in particular, is below 250 ppm, i.e. lower of apatite in the melt leading to a change in the partition than in garnets from the previously described locations. coefficient of P between garnet and the matrix. In ad-
The aluminous pods (location BZ2) consist of garnet dition, troughs in the Cr profiles at the same rims may and kyanite porphyroblasts (up to 2 mm in diameter), in indicate growth above the elimination of biotite from a matrix of K-feldspar (Fig. 4f ) , with rutile and apatite the system, by consumption of some Fe-oxide. This is as minor phases. Apatite occurs both in the matrix and consistent with a generalized Alm increase towards these as inclusions in garnet and kyanite. Garnet porphyroblasts rims, although the same trend may also be interpreted result from the amalgamation of small subidiomorphic as retrograde. Another characteristic of the garnet II core grains and are commonly rimmed by Ky-Qtz-Bt or domains is abundance of apatite inclusions. If these Ky-Qtz-Ab symplectite. Locally, garnet rims kyanite. porphyroblasts grew entirely by reaction (R2), there may Kyanite contains inclusions of K-feldspar, apatite and be a link between concentration of apatite and garnet quartz. K-feldspar (An [14] [15] [16] [17] [18] [19] [20] Or 78-84 ) shows very fine perthnucleation.
itic lamellae that were too closely spaced to allow separate analysis of the exsolutions and the host grain. Garnet 
zone (locations BZ1 and BZ2)
mimics the Grs zoning. As plagioclase is absent, Grs The aluminous layers of the highest levels of the Boundary decrease at the rims is attributed to depletion of Ca zone (location BZ1) and the aluminous pods of the lowest in the matrix during the last stages of garnet growth. levels (location BZ2) are characterized by low X Mg values Compared with the previous case, garnet from BZ2 is (0·23-0·27; Table 2 ), suggesting the possibility of a com-more Prp and Grs rich (for similar bulk Ca and X Mg ; mon Fe-rich protolith. Apart from this, the rocks from Table 2 ). the two locations have contrasting characteristics. The aluminous layers are pelitic in composition (Table 2 ) and consist of the assemblage Qtz-Pl-Ksp-Grt-Ky-Bt-Ru, Interpretation whereas the aluminous pods have an Al-rich, Si-poor In samples from location BZ1 the assemblage Qtzchemistry (Table 2 ) and are mainly composed of Ky-Pl-Kfs-Grt-Ky-Bt and the presence of kyanite in the Grt-Kfs. Both rock types contain apatite and monazite leucosome is consistent with elimination of white mica as accessory phases.
by reaction (R1) [or (R1a)]. Apparently low amounts of leucosome (>5%) and the lack of any textural evidence
Textures and mineral chemistry of reaction (R2) suggest that dehydration melting of biotite did not occur and that garnet is the product of a In the aluminous layers (location BZ1) garnet occurs as subsolidus reaction. In contrast, large amounts of Kporphyroblasts up to 4 mm in diameter with quartz, plagioclase, rutile, ilmenite and apatite inclusions in the feldspar in this rock are consistent with extensive partial melting, and uniformly low Y contents in garnet, despite Figure 7a also shows semi-quantitative contours of X Fe the widespread presence of monazite in the sample, are in garnet after Spear et al. (1999) . If garnet preserves consistent with garnet growing in the presence of melt. growth zoning these contours may be used to roughly It is therefore possible that reaction (R2) occurred, but constrain: (1) the P-T conditions at which (R1) is crossed during subsequent melt crystallization, the rock ex-[by the intersection of (R1) with the contour of the X Fe perienced pervasive textural re-equilibration erasing the in the first garnet growing with melt]; (2) a thermal record of previous metamorphic history. Overall chemical maximum, set by the contour of the lowest X Fe in garnet; homogeneity in terms of the major constituents of garnet, (3) the T conditions of melt crystallization [by (R2) in biotite and plagioclase suggests that diffusion was efficient reverse sense] by using X Fe of garnet adjacent to the at the sample scale during the re-equilibration stage. reaction zones (but not in direct contact with biotite, to Garnet zoning in terms of Prp and Alm in rims adjacent minimize effects of subsequent Fe-Mg exchange). to biotite is consistent with subsequent retrograde Fe-Mg For instance, X Fe >0·56-0·58 in high-Grs rings in exchange between the two phases. Any evidence of this garnet from BNS1 implies that (R1) was crossed at in biotite is lacking, probably as a result of faster diffusion >800°C and 1550-1650 MPa (Fig. 7a) . Minimum X Fe rates. In addition, the low magnitude of retrograde zoning >0·52 close to the rims of the same garnets suggests T indicates fast cooling.
conditions of >850°C at advanced stages of (R2). Finally, The Al-rich and Si-poor bulk chemistry and the min-X Fe >0·65 at garnet rims in reaction zones, not directly eralogy of the aluminous pods (location BZ2) is typical touching biotite, are consistent with T conditions of peritectic aggregates after complete dehydration melt-of 750°C at the end of melt crystallization. In the last ing of both micas. In this location, the presence of K-case, P conditions are bracketed by the intersections of feldspar inclusions in kyanite suggests that the latter grew the X Fe contour with reaction (R1) and with the Ky-Sil in the stability field of the former, whereas local mantling transition line, between 1200 and 900 MPa (Fig. 7a) . In of kyanite by garnet suggests subsequent operation of the case of samples from BNS1 and BNS2 this approach yields a realistic picture of the overall P-T paths in the reaction (R2) (Fig. 3) . Lack of major and trace element field of reaction (R2), with rising T while (R2) is in zoning in garnet is consistent with a simple growth history progress, followed by cooling and decompression during by reaction (R2). We note that garnet composition is melt crystallization and formation of Bt ± Pl aggregates broadly similar to that of garnet from location BZ1.
after garnet (Fig. 7a ). However, it should be kept in mind Finally, Ky-Qtz-Bt symplectite around garnet is atthat these P-T paths are schematic and their exact shape tributed to limited back-reaction (R2) during cooling. and location should be viewed with caution for various reasons: (1) X Fe contours are semi-quantitative (see Spear et al., 1999) , P-T ranges are slightly underestimated because Ca is not taken into account, and T conditions of
P-T ESTIMATES white mica dehydration melting are minimum if reaction
Constraints from the P-T grid (R1a) [or (RII)] occurred instead of (R1); (2) partial First-order constraints on the P-T field of the meta-resetting by diffusion at the thermal peak will tend to morphic peak can be placed by using the P-T grid for decrease the X Fe of earlier grown garnet, therefore the the NaKFMASH system after Spear et al. (1999;  Figs 3a X Fe measured in high-Grs garnet rings should be viewed and 7). For all the studied rocks, lower P-T limits are as minimum (and estimated pressures as maximum); defined by the Sil-Ky transition and reaction (R1), which (3) no distinction can be made between heating under marks the onset of dehydration melting. This is also valid constant or decreasing pressure along the prograde segfor the samples from BNS3, which may have experienced ment of the paths; (4) minimum X Fe provides only a reaction (RII) because the later should lie close to the minimum estimate of the thermal peak because the extension of (R1) [or (R1a) ]. Evidence for elimination of isopleths are not valid at temperatures above the elimprograde biotite, at least in samples from BNS2 and ination of biotite and also because retrograde diffusional BNS3, implies peak T conditions in excess of 850-875°C, resetting would tend to increase the X Fe . the latter corresponding to culmination of (R2) in meta-X Fe in garnets from BNS3 is higher than in BNS1 and pelites with intermediate X Mg at 1000 MPa (LeBreton & BNS2 and displays little variation, resulting in a short Thompson, 1988; Vielzeuf & Holloway, 1988) . This may apparent P-T path on the low-P corner of the field of not be valid for the aluminous pods from location BZ2, reaction (R2) with kyanite. This path is inconsistent with which are expected to lose biotite at lower temperatures evidence of extensive partial melting in the kyanite field owing to their Fe-rich character (Carrington & Harley, [and of likely higher pressures if reaction (RII) occurred]. 1995). However, an upper-T limit of >900-950°C is Garnets from BZ do not preserve growth zoning and set for samples from BZ by reaction (RI) because no display the lowest X Fe (>0·8), with contours falling below the stability field of kyanite coexisting with melt. In the orthopyroxene was observed in adjacent metagreywackes. case of garnet from BZ1, this supports evidence of devoid of Ca enrichment (see Table 3 ) and rims of adjacent large restitic plagioclase, based on the asextensive re-equilibration after crystallization of the melt discussed above; nevertheless, the absence of muscovite sumption that these phases were in equilibrium with kyanite and quartz at that stage of the metamorphic or sillimanite is inconsistent with the measured X Fe . Garnet from the restitic aluminous pods (BZ2) clearly evolution and that they did not reset subsequently. Calculated with the GASP reaction, this pressure is was not in equilibrium with melt and biotite; nevertheless, X Fe should indicate a temperature of advanced stages of >1650 MPa at 810°C ( Fig. 7b; for method see Table 3 footnotes), i.e. slightly above the P range estimated with (R2) and this is not the case. It should be noted that the studied samples display a marked correlation between the X Fe contours. BNS1 garnets are entirely surrounded by Grs-enriched rims. However, pressures at (R1) may bulk X Fe and X Fe of garnet and that only samples with be constrained to some extent by using the outer core intermediate bulk X Fe (X Mg = 0·47-0·52; BNS1-2; Table of garnet (at the boundary with the Ca-enriched zone), 2) have garnet with X Fe consistent with extensive partial and rims of the large restitic plagioclase in the matrix. melting in the kyanite field of (R2) (Fig. 7a) . It is therefore Calculated GASP isopleths cross (R1) at >1400 MPa, suggested that in Fe-rich samples, some alternative equii.e. at the lower-P side of the range obtained with the libria between garnet ± biotite and an Fe-rich phase X Fe contours, and may be viewed as minimum in case controls the X Fe in garnet shifting the contours proposed the rims of the restitic plagioclase were enriched in by Spear et al. (1999) to higher temperatures.
An during partial melting. In samples from BNS3 no subsolidus plagioclase is preserved. However, GASP isopleths for garnet with maximum Grs content (in the GrsThermobarometry enriched rims of garnet I and at the core of garnet II) Despite the presence of garnet, biotite, kyanite, plagio-and matrix plagioclase, should give a rough upper-P limit clase and quartz in all samples but BZ2, application of for the initiation of (R2) (upper because plagioclase in thermobarometry suffers major limitations as a result of equilibrium with that garnet was more An rich than the the lack of suitable mineral assemblages representative final matrix plagioclase). These isopleths cross reaction of the thermal peak. For instance, in locations BNS1 (R1) at >1650 MPa. and BNS2 kyanite is not in contact with quartz and
In the Baie du Nord segment, Grt-Bt thermometry plagioclase, therefore the GASP barometer cannot be can be used to constrain the thermal peak in samples used. Nevertheless, the pressure at which (R1) was crossed from BNS1 that may contain peak biotite, and that also display graphite implying minimum Fe 3+ content in can be estimated in sample BNS2 by using garnet rims VOLUME 42 NUMBER 8 AUGUST 2001 
Peak-T conditions
Conditions of melt crystallization
Conditions of textural re-equilibration in samples from location BZ1
BZ1 -1  0·055  0·181  0·750  0·015  0·210  0·421  0·579  0·336  0·247  0·241  0·175   -2  0·070  0·186  0·730  0·014  0·210  0·421  0·579  0·336  0·247  0·241  0·175   -3  0·055  0·179  0·751  0·015  0·200  0·412  0·588  0·312  0·255  0·255 0·178 * X Mg = Mg/(Mg + Fe). †X Fe = Fe/(Fe + Mg). ‡ Al VI , Ti, Fe, Mg: proportions of these elements in the octahedral site. Calculations were performed with the TWEEQU software [updated version of TWQ , Berman (1991) ]; activity models: Berman & Aranovich (1996) for ferromagnesian phases; Fuhrman & Lindsley (1988) for plagioclase.
biotite (Spear & Florence, 1992) . Nevertheless, calculated 900 MPa (BNS3), near the lower P-T corner of the kyanite field of (R2) (Fig. 7b) . T conditions using biotite away from the reaction zones with maximum-Prp garnet from the Grs-enriched rim Samples from location BZ1 are the only ones to contain Grt-Pl-Bt-Ky-Qtz in apparent textural and chemical are of 900°C (see Table 3 ), above the upper-T limit of (R2) for pelites of intermediate X Mg . Such high-T con-equilibrium. P-T conditions were calculated with the GASP and Grt-Bt reactions, using the compositions of ditions suggest that if biotite survived the thermal peak, sample-scale Fe-Mg diffusion during subsequent melt the garnet cores, matrix biotite, and plagioclase adjacent to garnet with the lowest An contents. These compositions crystallization has shifted its X Fe ratio to higher values (see also Spear & Parrish, 1996) . Finally, application of the should be representative of the conditions at which sample-scale equilibrium was achieved; this is probably two-feldspar thermometer (Kroll et al., 1993) is dubious because the compositions of equilibrium feldspar pairs distinct from the thermal peak, because, as discussed above, this sample provides indirect evidence of late recannot be established with confidence.
In all samples from BNS, P-T conditions of local equilibration. However, these samples do not contain graphite or matrix ilmenite, therefore the Fe 3+ content equilibrium between garnet and retrograde Bt ± Pl aggregates can be calculated by using touching garnet of biotite is unconstrained (Williams & Grambling, 1990) .
Calculated P-T conditions fall in the range and plagioclase rims and biotite not in contact with garnet (to minimize effects of Fe-Mg exchange subsequent to 1100-1200 MPa and 830-860°C (Fig. 7) , within the stability field of kyanite, but 100°C above (R1). However, closure of the net transfer reactions). Grt-Bt thermometry gave scattered results; however, intersection of the GASP taking into account that for Fe-rich pelites the divariant field of reaction (R2) is displaced to lower temperatures isopleths with the X Fe contours yield consistently 1100 MPa and 750°C (BNS1 and BNS2) and 725°C and relative to intermediate X Mg pelites, biotite should not be stable at these conditions. In this context, we consider Dehydration melting of white mica in samples from that calculated temperatures are probably overestimated BNS1 and BNS2 was constrained to >1400-1600 MPa owing to the use of total Fe as Fe 2+ in biotite. and 800°C, by using contours of X Fe in garnet in the NAKMASH system and GASP isopleths, with subsequent elimination of biotite at temperatures in excess of 850-875°C. In addition to more extensive textural re-
DISCUSSION AND CONCLUSIONS
equilibration following (R2), which disallows use of GASP isopleths, garnet X Fe contours in samples from BNS3 and Metamorphic context, ages, and BZ1, which are increasingly Fe rich, gave suspiciously implications low-P results that in fact suggest an additional strong Metapelites from the Tshenukutish terrane provide strong correlation between X Fe in garnet and bulk Fe. Therefore, evidence of dehydration melting of micas in the kyanite P-T conditions of (RII) (if it occurred) in BNS3 could field. This is consistent with P-T conditions of not be constrained. In Fig. 3b , reaction (RII) appears on 1200-1600 MPa and 800-900°C recorded by high-P the high-P side of (R1a) [and, obviously, (R1) ]. However, textures of metagabbros from the same terrane (Cox this is valid only for a specific bulk composition; as it is & Indares, 1999a, 1999b). High-P-T metamorphism is a general trend in the KFMASH system, reactions tend related to a Grenvillian crustal shortening event. In the to be displaced to lower P-T conditions with increasing lower levels of the Tshenukutish terrane (Baie du Nord bulk Fe. In addition, the extent to which reaction (RII) segment) its peak is constrained to 1040-1030 Ma (U-Pb will occur also depends on the amount of celadonite on zircon, . This contribution provided new age constraints from U-Pb data on monazite. In substitution of the white mica entering the melt domain, the Baie du Nord segment monazite ages range between which also may be a function of the bulk composition. 1040 and 1033 Ma and overlap with ages of metamorphic Therefore evidence for reaction (RII) in BNS3 may be zircons, indicating fast cooling following peak conditions. due to the higher X Fe of this sample rather to a difference In the higher structural levels (Boundary zone), monazite in pressure between BNS3 and BNS1-2. displays ages of 1019 and 1017 Ma. This suggests youngWe note that all samples contain notable amounts of ing of the metamorphic peak, or delayed cooling, toward peritectic K-feldspar. Partial melting experiments in the the higher structural levels and seems to be related to sillimanite field produced small amounts of that phase high heat flow in parts of the Boundary zone at that (Carrington & Harley, 1995) but its abundance is pretime, as attested to by the presence of the 1017 Ma Hart dicted to increase with pressure owing to decreasing melt Jaune granite (Fig. 1c) .
proportion (Castro et al., 1999) , which is linked with a pressure-related increase in the solubility of H 2 O (Holtz & Johannes, 1994) .
Reaction sequences and P-T evolution Partial melting reactions and prograde P-T evolution Retrograde reactions
The migmatitic aluminous gneisses from Tshenukutish In all samples melt crystallization was accompanied by terrane retain variable record of their partial melting development of biotite at the expense of garnet and, history. Samples from BNS1 and BNS2 that best preserve owing to the absence of white mica, it was probably textural differences between former melt and subsolidus completed at temperatures within the range of reaction domains provide evidence for dehydration melting first (RII). This is consistent with P-T conditions of 750°C of white mica [muscovite with possibly a phengitic comand 1100 MPa estimated at the intersection of relevant ponent; reaction (R1) or (R1a), Fig. 7 ] and subsequently X Fe contours and GASP isopleths in samples from BNS1 of biotite, the latter being associated with growth of Kand BNS2 (Fig. 7b) . Although the absence of retrograde feldspar and garnet rimming kyanite and subsolidus muscovite may be attributed to melt escape (Kohn et al., garnet [reaction (R2) , Fig. 7] . Garnet formed by (R2) is 1997; Spear et al., 1999) , in the present case we favour distinctively richer in Ca and Cr and poorer in Y than an alternative explanation. As partial melting started at subsolidus garnet. In samples from BNS3, most garnet higher pressures relative to those of melt crystallization formed entirely by reaction (R2) with the exception of and because of the positive slope of reaction (R1) (see one sample where growth by (R2) was preceded by partial Fig. 7b) , the rocks crossed a wider (R2) field upon cooling, resorption of an earlier garnet. This provides evidence allowing thus complete melt crystallization within that that a discontinuous NaKFMASH reaction involving field. It is therefore suggested that in addition to melt phengite, Phe + Grt + Pl + Qtz = Bt + Kfs + Ky escape, the shape of the P-T path can control the + L (Fig. 7b) , defined for the first time here on theoretical grounds, may have taken place. development of retrograde muscovite.
